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The equilibrium polarization states and physical properties of single-domain Pb(Zr12xTix)O3 ~PZT! thin
films epitaxially grown on dissimilar cubic substrates have been examined by a nonlinear thermodynamic
theory. In contrast to the former theoretical studies of PZT films, the two-dimensional straining and clamping
of a film by a thick substrate is correctly taken into account in the reported calculations. The ‘‘misfit strain-
temperature’’ phase diagrams are developed for PZT films of several different compositions (x50.9, 0.8, 0.7,
0.6, 0.5, and 0.4!. The characteristic feature of these diagrams is the presence of a ‘‘monoclinic gap’’ separating
the stability ranges of the tetragonal out-of-plane and the orthorhombic in-plane polarization states. It is found
that this gap widens with the increase of Zr content, and its center shifts from positive values of the misfit strain
towards zero. The dependences of the polarization components on the misfit strain and composition at the room
temperature are calculated and compared with the available experimental data. The small-signal dielectric and
piezoelectric responses of single-domain PZT films are also determined, and their misfit-strain dependence is
discussed.
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Ferroelectric Pb(Zr12xTix)O3 ~PZT! solid solutions are
currently attracting great interest for both practical and fun-
damental reasons. On the one hand, PZT ceramics and thin
films have a wide range of implemented and potential device
applications.1–3 On the other hand, an unusual ~morphotro-
pic! boundary exists in the phase diagram of bulk PZT, near
which this ferroelectric material exhibits anomalous piezo-
electric and dielectric properties.4 The morphotropic phase
boundary ~MPB! is situated around x50.45– 0.50 in the
composition-temperature plane, and separates the stability
range of the tetragonal ground state from that of the rhom-
bohedral one. The recent discovery by Noheda and
co-workers5,6 of an intermediate monoclinic phase in the
PZT ceramic with a composition close to the MPB (x
50.48) demonstrates that PZT solid solutions still represent
an object of high fundamental interest.
For bulk PZT, the physical and structural properties were
investigated theoretically in many papers. Important results
were obtained by Haun et al.7 with the aid of a Landau-
Ginsburg-Devonshire-type phenomenological theory. Using
an expansion of the free energy up to the sixth order in the
polar order parameter, these authors were able to explain the
observed phase states and physical properties of PZT ceram-
ics over the entire range of compositions. Though the devel-
oped sixth-order theory cannot support a monoclinic phase,
an extension of the thermodynamic calculations to the eighth
order makes it possible to describe the newly discovered
monoclinic phase in a natural way.8 The existence of a low-
temperature monoclinic phase is also confirmed by the simu-
lations based on a first-principles effective Hamiltonian
approach.9 Moreover, these theoretical calculations provide
an explanation for the high piezoelectric response of PZT
ceramics near the MPB.9
Thin films of PZT require a separate theoretical analysis0163-1829/2003/67~5!/054107~10!/$20.00 67 0541since the properties of ferroelectric films often differ mark-
edly from those of bulk ferroelectrics. Oh and Jang10 sug-
gested that the MPB in epitaxial PZT films may be shifted
towards a higher Zr content due to internal mechanical
stresses existing in thin films grown on a dissimilar thick
substrate. They attempted to describe the mechanical sub-
strate effect via the introduction of a biaxial in-plane stress
into the thermodynamic theory of bulk PZT developed by
Haun et al.7 This stress was assumed to be independent of
the polarization state of a ferroelectric film and regarded as a
constant parameter during the minimization of the film free
energy. However, it is known that this simple assumption
does not hold for epitaxial thin films.11 In reality, the in-plane
lattice strains appear to be fixed parameters of the film at a
given temperature,11 so that the associated biaxial stress is a
function of the orientation and magnitude of the polarization
vector in the epitaxial layer ~see Sec. II!. Therefore, the in-
fluence of mechanical film/substrate interaction on the ferro-
electricity in PZT films still requires a rigorous theoretical
description similar to that developed in Refs. 11–14 for
BaTiO3 , PbTiO3 , and SrTiO3 epitaxial thin films. The cor-
rect solution of this problem is especially desirable in view
of the successful fabrication of epitaxial PZT films on vari-
ous substrates in many laboratories worldwide.15–24 Remark-
ably, the single-crystal PZT films covering the full composi-
tional range have been already prepared and characterized.19
In this paper, we report the thermodynamic calculations of
the polarization states and physical properties of single-
crystalline PZT films, which correctly take into account the
actual stress-strain conditions existing in an epitaxial over-
layer. Thin films are supposed to be grown in a paraelectric
phase on thick ~001!-oriented cubic substrates. In accordance
with the experimental results,19 we assume that a cube-on-
cube epitaxial relationship is established between the grow-
ing film and the substrate for all compositions. In this situa-
tion, the mechanical substrate effect on the film properties is©2003 The American Physical Society07-1
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the epitaxial system ~see Sec. II!. The misfit strain plays the
role of an external parameter in our thermodynamic theory
instead of biaxial internal stress used in Ref. 10. Accordingly,
the equilibrium polarization state of a ~short-circuited! epi-
taxial PZT film is predicted to depend on the misfit strain
Sm , temperature T, and Ti content x. The stability ranges of
various possible polarization states may be conveniently de-
scribed with the aid of the ‘‘misfit strain-temperature’’
phase diagrams11 computed for PZT films of different
compositions.
Our calculations are based on the sixth-order thermody-
namic theory developed for bulk PZT by Haun et al.7 The
introduction of the eighth-order polarization terms into this
theory is not possible at present, because numerical values of
the corresponding coefficients are not known. However,
since the free-energy expansion up to sixth order is sufficient
for the prediction of stable polarization states with a mono-
clinic symmetry in strained ferroelectric films,11,14 the
eighth-order terms, which are necessary to describe the
newly discovered monoclinic phase in bulk PZT,8 may be
ignored in the first approximation. ~The eighth-order terms
will only change positions of the boundaries of a monoclinic
gap on the misfit strain-temperature phase diagram. We be-
lieve that these changes will be small because the sixth-order
theory7 does not explain the properties of bulk PZT only in a
very narrow range of compositions near the MPB, where the
monoclinic phase appears.! We also neglect the degrees of
freedom associated with the tilting of the oxygen octahedra
and the antiferroelectric-type polarization, which manifest
themselves in the phase diagram of bulk PZT only at Zr
contents larger than 0.6 ~at T>25 °C).4,7 To ensure a good
accuracy of this approximation, we restrict our thermody-
namic calculations by compositions x>0.4 and temperatures
above T50 °C.
In Sec. II, the thermodynamics of single-domain epitaxial
ferroelectric films is briefly discussed. The formation of fer-
roelastic domains ~twins!, which may occur in strained PZT
films,19,21 is not taken into account on the present stage of
calculations. ~Nonlinear thermodynamic description of poly-
domain states in PZT films is in progress and will be re-
ported in a separate paper.! The misfit strain-temperature
phase diagrams calculated for short-circuited single-domain
PZT films with compositions x50.9, 0.8, 0.7, 0.6, 0.5, and
0.4 are reported in Sec. III. Section IV describes the dielec-
tric and piezoelectric properties of single-domain PZT films.
Finally, we discuss the most important theoretical predictions
and compare them with the experimental data available for
PZT thin films ~Sec. V!.
II. THERMODYNAMICS OF SINGLE-DOMAIN
PZT FILMS
As shown in Ref. 11, the standard elastic Gibbs energy
function G, which is employed in the thermodynamic theory
of bulk ferroelectric crystals,7,25 cannot be used to determine
the equilibrium polarization states in epitaxial thin films. In-
deed, the minima of G correspond to the stable thermody-
namic states at fixed mechanical stresses.25 In a thin film05410grown on a much thicker substrate, however, the in-plane
lattice strains remain constant due to the mechanical film/
substrate interaction, whereas the related stresses are variable
quantities depending on the film polarization state.11 Evi-
dently, the elastic energy associated with these internal
stresses should give a positive contribution to the total free
energy of a thin film. The elastic-energy term in the Gibbs
function G, on the contrary, is itself negative.25 Therefore,
the calculations of Oh and Jang,10 which were performed for
PZT films using the function G, in fact lead to a physically
unacceptable result, predicting that an increase in the biaxial
in-plane stress reduces the film energy via the elastic contri-
bution.
For single-domain ferroelectric films, the energetically
most favorable polarization states can be found by minimiz-
ing the modified thermodynamic potential G˜ introduced in
Ref. 11. This potential is defined by the relation G˜ 5G
1S1s11S2s21S6s6 , where sn and Sn (n51,2,3,...6) are
the stresses and strains in the Voigt matrix notation, and we
use the rectangular reference frame (x1 ,x2 ,x3) with the x3
axis perpendicular to the film/substrate interface. In the case
of ~001!-oriented perovskite-type films grown on cubic sub-
strates with the surface parallel to the ~001! crystallographic
plane, the boundary conditions give S15S25Sm and S650
for the lattice strains in the film plane.11 Here Sm5(b*
2a0)/a0 is the misfit strain in an epitaxial system, which is
defined by the substrate effective lattice parameter26 b* and
the equivalent cubic cell constant a0 of the free standing
film. If there are no tractions acting on the free surface of the
film, we also have s35s45s550 owing to the boundary
conditions. The remaining three internal stresses (s1 , s2 ,
and s6) and three lattice strains (S3 , S4 , and S5) depend on
the polarization P in the film. They can be calculated using
the relationships Sn52]G/]sn , which describe the elastic
equation of state of a ferroelectric crystal.7 The calculation
gives
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where Pi (i51,2,3) are the polarization components in the
crystallographic reference frame of the paraelectric phase,
sln are the elastic compliances at constant polarization, and
Qln are the electrostrictive constants in polarization notation.
Equations ~1!–~3! show that the assumption of Oh and
Jang,10 who regarded the stresses s1 , s2 , and s6 as constant
external parameters, does not hold for epitaxial ferroelectric
films. Moreover, in the polarization states with P1Þ0 and
P2Þ0, the shear stress s6 differs from zero, which was not
taken into account in Ref. 10.
The substitution of Eqs. ~1!–~3! into the general expres-
sion for the modified thermodynamic potential G˜ makes it
possible to present G˜ in the convenient form11
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a1 , ai j , and ai jk are the dielectric stiffness and higher-order
stiffness coefficients at constant stress, and Ei (i51,2,3) are
the components of an electric field E in the film, which is
assumed to be uniform. Using Eq. ~7!, which defines G˜ as a
function of the polarization components P1 , P2 , and P3 in
an epitaxial layer, it is possible to find all minima of the film
thermodynamic potential G˜ (P). The comparison of these
minima then enables the determination of the energetically05410most favorable polarization state of a single-domain film.
Since the renormalized dielectric stiffnesses a1* and a3* are
linear functions of the misfit strain Sm @see Eqs. ~8! and ~9!#,
the magnitude and spatial orientation of the polarization vec-
tor P in the equilibrium thermodynamic state should vary
with the misfit strain in the film/substrate system. The tem-
perature dependence of ferroelectricity in PZT films is
mainly governed by that of the dielectric stiffness a15(T
2u)/2«0C since the higher-order stiffness coefficients ai j
and ai jk may be taken as temperature-independent param-
eters ~u and C are the Curie-Weiss temperature and constant,
and «0 is the permittivity of the vacuum!.7
The above minimization procedure opens a way for the
detailed theoretical description of single-domain polarization
states, which may form in PZT films grown on dissimilar
substrates. In the absence of electric field in an epitaxial
layer (E50), the stability ranges of the equilibrium states
may be defined with the aid of the misfit strain-temperature
phase diagrams developed in the next section. Using these
diagrams, the small-signal dielectric and piezoelectric re-
sponses of PZT films can be calculated from Eqs. ~7!–~13! as
functions of the misfit strain and temperature ~see Sec. IV!.
III. PHASE DIAGRAMS OF SINGLE-DOMAIN PZT FILMS
For PZT solid solutions, the dielectric stiffnesses a1 , ai j ,
ai jk and the electrostrictive constants Qln have been deter-
mined by Haun et al. for a set of nine compositions between
x51 and 0.7 The elastic compliances sln , which are also
involved in Eqs. ~7!–~13!, may be evaluated using the ex-
perimental data on the elastic properties of PZT ceramics and
PbTiO3 crystals.27 By averaging the room-temperature com-
pliances measured at constant electric displacement ~to com-
ply with the cubic symmetry of paraelectric phase! and in-
terpolating between available experimental points, we
obtained the values of s ln given in Table I.
Performing necessary numerical calculations with the aid
of Eqs. ~7!–~13!, we determined equilibrium polarization
states of single-domain PZT films with compositions x
50.9, 0.8, 0.7, 0.6, 0.5, and 0.4. Since films were assumed to
be sandwiched between two extended electrodes under the
short-circuited condition, the electric field E in Eq. ~7! was
set to zero. @The depolarization field in thin films of perov-
skite ferroelectrics is expected to be negligible due to their
finite conductivity ~see Ref. 28 and references therein!.# The
calculations showed that only four different phases may be
stable in the studied range of misfit strains Sm and tempera-
tures T. This set of stable phases, which is also characteristic
of PbTiO3 epitaxial films,11 involves the paraelectric phase
TABLE I. Elastic compliances s ln of the paraelectric phase ~in
units of 10212 Pa21) used in the thermodynamic calculations per-
formed for PZT solid solutions.
Ti content x 0.9 0.8 0.7 0.6 0.5 0.4
s11 8.1 8.2 8.4 8.6 10.5 8.8
s12 22.5 22.6 22.7 22.8 23.7 22.9
s44 12 14.4 17.5 21.2 28.7 24.67-3
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phase (P15P2Þ0, P350), and the r phase (P15P2Þ0,
P3Þ0) ~see Fig. 1!. For the investigated compositions x, the
stability ranges of these phases in the (Sm ,T) plane are
shown in Fig. 2.
Discussing the developed (Sm ,T) phase diagrams of PZT
films, we first note that the temperature Tc of the paraelectric
to ferroelectric transformation varies nonmonotonically with
the misfit strain Sm . The minimum value of Tc(Sm) coin-
cides with the Curie-Weiss temperature u(x) of bulk PZT.
This minimum is located at Sm50, where the in-plane lattice
parameter a5b* of a strained epitaxial layer becomes equal
to the prototypic cell constant a0 of a free standing film. The
ferroelectric phase transition was found to be of the second
order for all of the studied compositions x, irrespective of the
FIG. 1. Orientation of the spontaneous polarization Ps in stable
ferroelectric phases forming in single-domain Pb(Zr12xTix)O3 thin
films grown on ~001!-oriented cubic substrates: tetragonal c phase
~a!, monoclinic r phase ~b!, and orthorhombic aa phase ~c!. Polar-
ization orientations are shown relative to the prototypic cubic cell.05410misfit strain. For PZT 10/90 and 20/80 (x50.9 and 0.8!, the
behavior of an epitaxial film differs from that of a bulk ma-
terial, where the ferroelectric phase transition is of the first
order.7 This distinction is caused by the substrate-induced
renormalization of the fourth-order polarization terms in the
free-energy expansion, which makes the coefficients a11* and
a33* positive even though the factor a11 is negative.
The most characteristic feature of the ferroelectric part of
(Sm ,T) diagram is the presence of stability range of the
monoclinic r phase, which is located between the fields of
the tetragonal c phase and the orthorhombic aa phase ~Fig.
2!. However, the direct transformation of the paraelectric
phase into the r phase occurs during cooling only at Sm50 in
PZT films with the Ti content x less than about 0.7. At non-
zero values of the misfit strain, the paraelectric phase trans-
forms either into the c phase ~at Sm,0) or into the aa phase
~at Sm.0) for all compositions x. At x.0.7, the stability
ranges of these phases have a common boundary at high
temperatures, where the first-order aa-phase/c-phase transi-
tion should take place.
In the (Sm ,T) diagrams of all studied PZT films, the
r-phase field is separated from the stability range of the c
phase by the first-order transition line. On the contrary, the
boundary between the fields of the r and aa phases is defined
by the second-order transition. The driving order parameters
of these structural transitions are the in-plane polarization
components P15P2 and the out-of-plane polarization com-
ponent P3 , respectively. Figure 3 shows how the polariza-
tion components Pi vary with the misfit strain Sm at room
temperature. It can be seen that the c-phase/r-phase trans-
formation results in the abrupt appearance of finite in-plane
polarizations P15P2 , which is accompanied by a step-like
reduction of the out-of-plane polarization P3 . At the
r-phase/aa-phase transition, on the other hand, P3 goes to
zero in a continuous manner, whereas the dependence
P1(Sm)5P2(Sm) only changes its slope.
Inside the ‘‘monoclinic gap,’’ the orientation of the polar-
ization vector P with respect to the substrate normal changes
gradually with the misfit strain. At some intermediate value
Sm
rh of this strain, the out-of-plane and in-plane polarization
components become equal to each other so that the r phase
appears to be similar to the bulk rhombohedral phase ~see
Fig. 2!. However, the out-of-plane ~c! and in-plane ~a! lattice
parameters of the epitaxial layer generally differ from each
other at Sm
rh
. This feature of thin films follows from Eq. ~4!,
which can be used to calculate the ‘‘tetragonality’’ strain St
5c/a21>S32Sm of the film lattice at Sm!1. Besides, the
in-plane face of the unit cell does not experience shear
strains in the r phase due to the mechanical film/substrate
interaction (S650). The crystal lattice of single-domain
films only tilts relative to the substrate normal in the mono-
clinic gap. This tilt is caused by the appearance of nonzero
shear strains S4 and S5 in the r phase, which, according to
Eqs. ~5! and ~6!, are proportional to the product of the in-
plane and out-of-plane polarization components.
As can be seen from Fig. 2, the size and position of the
r-phase field in the (Sm ,T) plane change with the variation
of Ti content x in a PZT film. When x is larger than about7-4
PHASE DIAGRAMS AND PHYSICAL PROPERTIES OF . . . PHYSICAL REVIEW B 67, 054107 ~2003!FIG. 2. Phase diagrams of ~001!-oriented single-domain Pb(Zr12xTix)O3 films epitaxially grown on dissimilar cubic substrates. The
composition x of the solid solution equals 0.9 ~a!, 0.8 ~b!, 0.7 ~c!, 0.6 ~d!, 0.5 ~e!, and 0.4 ~f!. The second- and first-order phase transitions
are shown by thin and thick lines, respectively. The triple or quadruple point at Sm50 corresponds to the Curie-Weiss temperature u(x) of
the stress-free bulk material. The dashed line indicates the (Sm ,T) conditions, at which the polarization in the r phase becomes oriented
along the cube diagonal of the prototypic unit cell (P15P25P3).054107-5
PERTSEV, KUKHAR, KOHLSTEDT, AND WASER PHYSICAL REVIEW B 67, 054107 ~2003!FIG. 3. Misfit-strain dependence of the polarization components
P15P2 and P3 in single-domain epitaxial Pb(Zr12xTix)O3 films at
the room temperature T525 °C. The Ti content x equals 0.8 ~a!, 0.6
~b!, and 0.4 ~c!. The diamond symbols show the theoretical polar-
izations of bulk PZT single-crystals, which were calculated
in Ref. 7.054100.7, the monoclinic gap does not exist at high temperatures
close to the Curie-Weiss temperature u(x) of a bulk material.
For these compositions, two triple points are present in the
phase diagram in similarity with the case of PbTiO3 .11 At
x<0.7, the stability range of the r phase extends up to u so
that the triple points merge into a quadruple one.
The effect of composition on the location of the mono-
clinic gap on the misfit-strain axis at room temperature is
shown in Fig. 4. With the increase of Zr content, the left
boundary of this gap shifts from positive to negative misfit
strains. The maximum shift towards negative values of Sm
occurs near x50.5, i.e., close to the MPB of bulk PZT. The
position of the right boundary varies nonmonotonically with
the composition, changing the trend at x’0.5 and 0.7. Re-
markably, the stability range of the r phase widens with the
increase of Zr content in a PZT film ~see Fig. 4!.
IV. DIELECTRIC AND PIEZOELECTRIC RESPONSES
OF SINGLE-DOMAIN PZT FILMS
Consider now the responses of epitaxial PZT films to the
application of a uniform electric field. The dependence of the
polarization components Pi in a single-domain film on the
field intensity E can be found using Eq. ~7! and the condition
]G˜ /]Pi50. The reversible field-induced variations of Pi de-
termine the dielectric susceptibilities h i j5]Pi /]E j of a
ferroelectric film. Owing to the electrostriction, these varia-
tions also give rise to changes of the lattice strains Sn in an
epitaxial layer. The resulting converse piezoelectric effect
may be described by the coefficients din5]Sn /]Ei .
By differentiating the modified thermodynamic potential
G˜ , we can derive explicit expressions for the reciprocal di-
electric susceptibilities x i j5]2G˜ /]Pi]P j . The matrix inver-
sion then enables us to find the dielectric susceptibilities
FIG. 4. Stability range of the monoclinic r-phase in epitaxial
single-domain PZT films as a function of Zr content. Squares show
the calculated positions of two boundaries of the monoclinic gap on
the misfit-strain axis at T525 °C. The dashed line is a guide for the
eye.7-6
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21 and permittivities « i j5«01h i j of a thin film. The
calculated dielectric constants « i j depend on the polarization
P~E! existing in a ferroelectric film. Restricting our analysis
to the small-signal dielectric responses « i j(E→0), we can
find the film permittivities « i j using the equilibrium polariza-
tion components Pi(E50) determined in Sec. III. It should
be noted that the stability ranges of the c, r, and aa phases in
the (Sm ,T) plane must be taken into account in the calcula-
tions of the film dielectric constants and their misfit-strain
and temperature dependences.
The most important dielectric characteristic of a ferroelec-
tric thin film is the out-of-plane permittivity «33 , which is
measured in a conventional plate-capacitor setup, where the
applied electric field E is orthogonal to the film surfaces. We
calculated numerically the dependence of this permittivity on
the misfit strain Sm at room temperature. Figure 5 shows the
theoretical results obtained for PZT films with three repre-
sentative compositions. It can be seen that the film permit-
tivity varies nonmonotonically with the misfit strain existing
in the epitaxial system. The strain-induced structural trans-
formations between different polarization states manifest
themselves in the dielectric anomalies. The first-order
c-phase/r-phase transition is accompanied by a step-like in-
crease of the out-of-plane permittivity «33 . A small peak of
«33 , which appears at misfit strains slightly exceeding the
threshold value in PZT films with a large Zr content @see
Figs. 3~b! and 3~c!#, may be explained by the relation h33
5(x111x12)/@x33(x111x12)22x132 # . This relation deter-
mines the out-of-plane response of the r phase, and shows
that h33 increases due to the presence of a nonzero reciprocal
susceptibility x13 in this phase. In turn, at the second-order
r-phase/aa-phase transition the theoretical permittivity «33
of PZT films diverges so that an anomalous increase of the
out-of-plane dielectric response may be expected near the
corresponding critical misfit strain.
Consider next the small-signal piezoelectric responses of
epitaxial PZT films, which can measured in a conventional
plate-capacitor setup. The coefficients din , which determine
the converse piezoelectric effect, are calculated as din
5]Sn /]Ei5bknhki , where bkn5]Sn /]Pk . Since the mea-
suring electric field E is applied along the x3 axis orthogonal
to the film surfaces, we restrict our analysis to the coeffi-
cients d3n . However, the in-plane sizes and shape of the film
are governed by a much thicker substrate so that the piezo-
electric responses d31 , d32 , and d36 are equal to zero in our
approximation. The remaining coefficients d33 , d34 , and d35
characterize the field-induced change of the film thickness
and a tilt of the ferroelectric overlayer relative to the sub-
strate normal. To find these coefficients, we first calculated
the relevant piezoelectric constants bkn5]Sn /]Pk by differ-
entiating Eqs. ~4!–~6! for the film strains S3 , S4 , and S5 and
using the equilibrium polarization components Pi(E50) re-
ported in Sec. III. The coefficients d33 , d34 , and d35 were
then evaluated numerically as functions of the misfit strain
Sm and temperature T with the account of the known dielec-
tric susceptibilities hk3 of PZT films.05410FIG. 5. Out-of-plane dielectric response «33 of epitaxial single-
domain Pb(Zr12xTix)O3 films calculated as a function of the misfit
strain at T525 °C. The film composition x equals 0.8 ~a!, 0.6 ~b!,
and 0.4 ~c!.7-7
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Pb(Zr12xTix)O3 films as a function of the misfit strain at T
525 °C. The film composition x equals 0.8 ~a!, 0.6 ~b!, and 0.4 ~c!.05410The variation of the longitudinal piezoelectric coefficient
d33 with the misfit strain Sm at room temperature is shown in
Fig. 6 for PZT films with three representative compositions.
In the tetragonal c phase, the piezoelectric response d33 in-
creases as the misfit strain tends to a critical value, at which
this phase is replaced by the monoclinic r phase in the
(Sm ,T) diagram. The jump of d33 at this structural transfor-
mation is followed by a nonmonotonic variation of the pi-
ezoelectric response in films containing the r phase. This
behavior is partly caused by specific dependence of the film
out-of-plane permittivity «33 on the misfit-strain ~see Fig. 5!.
In particular, the divergence of «33 at the r-phase/aa-phase
transition leads to abnormal increase of the piezoelectric co-
efficient d33 in close vicinity to the critical misfit strain. Fi-
nally, the piezoelectric response vanishes at large positive Sm
due to the absence of the out-of-plane polarization P3 in the
orthorhombic aa phase ~see Fig. 6!.
V. CONCLUDING REMARKS
The nonlinear thermodynamic theory shows that the equi-
librium polarization states of single-domain PZT films are
sensitive to both the misfit strain Sm in an epitaxial system
and the composition of the solid solution. The most interest-
ing theoretical prediction is concerned with the formation of
the strain-induced monoclinic phase in PZT films. In this r
phase, the polarization P is oriented in the @uuv# crystallo-
graphic direction so that it is confined to a mirror plane ~see
Fig. 1!. Accordingly, the r phase is similar to the monoclinic
phase ~space group Bm!, which was observed in the bulk
PZT 52/48 ceramic.5,6 However, the existence of the ‘‘mono-
clinic field’’ in the (Sm ,T) phase diagrams of PZT films is
not restricted to compositions close to the MPB ~Fig. 2!. At
room temperature, the monoclinic gap on the misfit-strain
axis is present for all of the studied compositions. The bulk
MPB manifests itself only in the position of the center of this
gap, which becomes close to Sm50 at x’0.5 ~see Fig. 4!.
The predicted formation of the r phase in strained PZT
thin films is supported by the recent experimental observa-
tions of Kelman et al.29 These authors investigated the struc-
tural properties of ~001!-oriented polycrystalline PZT 35/65
films deposited onto Si wafers at Tg5570 °C. High-
resolution x-ray diffraction showed that in films thinner than
150 nm, which consist of single-domain columnar grains, the
crystal structure becomes similar to a rhombohedral one ~in-
stead of tetragonal structure observed in bulk PZT 35/65 ce-
ramics and in thicker films with polydomain grains!. This
phase transformation may be successfully explained by the
two-dimensional straining of a thin PZT film grown on the Si
substrate. Indeed, the calculation gives the value of Sm’1
31023 for the misfit strain in the discussed film/substrate
system.30 As can be seen from Fig. 4, this value falls into the
monoclinic gap predicted for epitaxial PZT 35/65 films.
Moreover, the tetragonality strain of PZT 35/65 film at Sm
’131023 is estimated to be of the order of 531023, which
is much smaller than the tetragonality strain St’431022 of7-8
PHASE DIAGRAMS AND PHYSICAL PROPERTIES OF . . . PHYSICAL REVIEW B 67, 054107 ~2003!bulk PZT 35/65.7 The small lattice tetragonality of the mono-
clinic r phase, which is expected to form in single-domain
PZT 35/65 films grown on Si, makes it similar to a rhombo-
hedral phase ~with respect to the x-ray-diffraction data!. This
feature explains why Kelman et al.29 regarded the crystal
structure of their thinnest PZT 35/65 films as a rhombohedral
one.
Consider now the effect of composition on the remanent
polarization in epitaxial PZT films. Foster et al. reported the
systematic compositional variation of the ferroelectric prop-
erties of ~001!-oriented single-crystalline PZT films grown
on SrRuO3 buffered SrTiO3 crystals.19 It was found that the
remanent polarization measured in a plate-capacitor setup
varies nonmonotonically with Zr content and has a minimum
near the bulk MPB. To compare theoretical predictions with
this experimental result, we calculated the out-of-plane po-
larization P3 of a single-domain PZT film as a function of Zr
content, assuming that the misfit strain in the PZT/SrTiO3
epitaxial system is equal to Sm52331023, irrespective of
the composition.33 The theoretical dependence P3(x) is pre-
sented in Fig. 7, which shows that the film out-of-plane po-
larization becomes minimum near x50.5, where it has a
value of about 35 mC/cm2. These results of thermodynamic
calculations are in good agreement with the observations of
Foster et al., who found the minimum remanent polarization
of 34 mC/cm2 in submicron-thick PZT 56/44 films.19
Finally, we would like to emphasize that, according to the
nonlinear thermodynamic theory, the out-of-plane polariza-
tion P3 of an epitaxial PZT film may exceed the bulk spon-
taneous polarization Ps . Such polarization superiority is
characteristic of PZT films grown on ‘‘compressive’’ sub-
strates, which create a large negative misfit strain in the ep-
itaxial system (Sm,21231023; see Fig. 3!. This condition
could be fulfilled only in the film/substrate systems with
b(Tg),a0(Tg), provided the film is sufficiently thin to
avoid complete relaxation of Sm(Tg) via the generation of
misfit dislocations at the growth temperature Tg . The above
theoretical prediction seems to be confirmed by our recent
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